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Introduction
The U.S. Geological Survey (USGS) and the Maryland Geological Survey (MGS) have maintained a groundwaterlevel monitoring network since the 1940s to observe changes in groundwater levels over time. Groundwater-level monitoring has been especially critical for Southern Maryland and Maryland's Eastern Shore where groundwater is the primary source of water supply. Many observation wells were added to the network in the early 1970s following the establishment of the Maryland Department of Natural Resources Power Plant Research Program (PPRP) in order to monitor groundwater levels at Maryland power plants. Water-level data collected from the monitoring network and water-withdrawal data from the confined aquifers that supply water for the operation of Maryland's power plants are used by the PPRP to evaluate potential impacts of Maryland's power plants on groundwater resources.
Purpose and Scope
The purpose of this report is to assess the regional effects of groundwater withdrawals on water levels in Southern Maryland and Maryland's Eastern Shore. This report presents potentiometric surface maps for the Aquia, Magothy, upper Patapsco, lower Patapsco, and Patuxent aquifers for September 2011. The potentiometric surface maps in this report are meant to represent groundwater levels and withdrawal amounts, at an instant in time. The water-level measurements were actually made over a period of about 1 month and may reflect shortterm variations in water levels throughout the study area that are related to short-term changes in withdrawal rates. This report also presents water-level difference maps for: (1) the Aquia aquifer ; (2) the Magothy aquifer ; and (3) the upper and lower Patapsco aquifers . The water-level difference maps represent the change in potentiometric surfaces over time. 
Description of Study Area
The study area for this report includes Baltimore City, Anne Arundel, Baltimore, Harford, Prince George's, Calvert, Charles and St. Mary's Counties, which are located west of Chesapeake Bay, and parts of Cecil, Kent, Queen Anne's, Talbot, and Dorchester Counties on Maryland's Eastern Shore ( fig. 1 ). Two wells used for these maps are located in Northern Virginia, just across the Potomac River from southern Charles County.
The Aquia, Magothy, upper Patapsco, lower Patapsco, and Patuxent aquifers are part of the Alantic Coastal Plain sediments, which become deeper and thicker towards the southeast ( fig. 2 ; table 1). The Paleocene Aquia Formation, which includes the Aquia aquifer, is composed of fine to coarse-grained, greenish-brown sand that contains layers of silty clay. Cemented layers of shell debris are found throughout. The formation's characteristic green color is caused by the presence of glauconite sand. The Aquia aquifer is the source of water for many self-supplied private residences and some public suppliers. The Late Cretaceous Magothy Formation, which includes the Magothy aquifer, consists of light gray to white sand and fine gravel interbedded with thin layers of clay. The aquifer's excellent water-bearing characteristics make it a valuable source of water for some users, including public suppliers in many areas of Southern Maryland and Maryland's Eastern Shore. The Early Cretaceous Patapsco Formation, which is part of the Potomac Group, includes the upper and lower Patapsco aquifers. It is a complexly layered unit with lenses of tan and gray sand and gravel, interbedded with variegated red, brown, and gray silt and clay. The upper and lower Patapsco aquifers are very productive and widely used, particularly by public suppliers and industries. The Early Cretaceous Patuxent Formation, which includes the Patuxent aquifer, is the basal unit of the Potomac Group and lithologically similar to the Patapsco Formation. The Patuxent aquifer is very productive and widely used by public suppliers and industries in southern Baltimore County, the northern part of Anne Arundel and Prince George's Counties, and northwestern Charles County, however it is not widely used in the rest of Southern Maryland and Maryland's Eastern Shore.
History of Monitoring and Mapping Groundwater Levels
In the early 1940s, the USGS, in cooperation with MGS, began systematic monitoring of groundwater levels in the Aquia, Magothy, lower Patapsco, upper Patapsco, and Patuxent aquifers, in order to evaluate the effects of groundwater production. The monitoring effort was expanded in the early 1970s to evaluate groundwater withdrawals from the Chalk Point coal-fired power plant in southern Prince George's County. In subsequent years, monitoring was expanded to evaluate groundwater withdrawals from the Calvert Cliffs nuclear power plant in southern Calvert County and the Morgantown coal-fired power plant in southern Charles County, as well as groundwater withdrawals from an increased number of municipal, commercial, domestic, and irrigation wells. The Power Plant Research Program (PPRP) of the Maryland Department of Natural Resources was established as a result of the Power Plant Siting and Research Act of 1971, which required the evaluation of the environmental impacts associated with power generation plants in Maryland. Potentiometric surface and water-level difference maps were prepared and published as part of a funding agreement between USGS, MGS, and the PPRP in order to supply groundwater data for inclusion in PPRP's periodic Cumulative Environmental Impact Reports. A complete list of these maps is presented in appendix 1. The first potentiometric surface map published as part of this effort was for the Magothy aquifer using groundwater levels from September 1975, followed by a map of the Aquia aquifer using groundwater levels from September 1982. These maps helped evaluate the effects of withdrawals at the Chalk Point power plant in southern Prince George's County and the Calvert Cliffs nuclear power plant in southern Calvert County, respectively. To evaluate the effects of withdrawals at the Morgantown power plant in southern Charles County, and withdrawals from additional wells at the Chalk Point power plant, the first potentiometric surface maps were developed for the upper and lower Patapsco aquifers using groundwater levels from September 1990. The first potentiometric surface map using groundwater levels from September 2007 was developed to evaluate the effects of groundwater withdrawals from the Patuxent aquifer at the Chalk Point power plant.
In addition to the maps published for the PPRP reports, Achmad and Hansen (2001) assembled a comprehensive set of potentiometric surface and water-level difference maps for the Piney Point, Aquia, Magothy, upper Patapsco, lower Patapsco, and Patuxent aquifers using groundwater level data from 1970 through 1996. This report also includes a compilation of groundwater withdrawals and selected hydrographs. Soeder and others (2007) published a similar report for the same set of aquifers for the period 1980-2005, which included a model evaluation of the relation between withdrawals and water levels.
Method of Analysis
USGS and MGS personnel measured groundwater levels that were used to construct the potentiometric surface and water-level difference maps primarily during the month of September of selected years. The water-level data were reviewed and approved by the USGS and stored in the Groundwater Site Inventory (GWSI) database, which is part of the National Water Information System (NWIS) maintained by USGS. This database is available to the public on the NWIS Web site (http://waterdata.usgs.gov/nwis/). Selected water-level data were retrieved from GWSI and used in the preparation of the maps in this report (appendixes 2a-2e). Water-withdrawal data included on the maps were derived from the Site-Specific Water-Use Data System (SWUDS), also maintained by USGS. Water-use data on the maps are shown using a series of symbols representing the location and rates of groundwater withdrawals greater than 10,000 gallons per day (gal/d). The 2011 potentiometric surface maps show waterwithdrawal data for 2010 (the most recent data available). The [Modified from Soeder and others, 2007] withdrawal data originated from the Maryland Department of the Environment (MDE) water-withdrawal database. Permitted water users who withdraw greater than 10,000 gal/d are required to submit monthly withdrawal amounts, which are subsequently entered into the MDE database. USGS periodically retrieves the data, checks for quality assurance, and enters them into SWUDS. All groundwater-withdrawal data included in this report were supplied by Wendy McPherson of USGS, by way of written communication, unless otherwise noted.
In preparing the potentiometric surface maps, the groundwater levels were adjusted to feet relative to sea level using the National Geodetic Vertical Datum of 1929 (NGVD 29) land-surface altitudes, which have different levels of accuracy depending on how they were originally determined. The data were plotted and manually contoured by visually interpolating between data points. The contours are dashed in areas where data are sparse. The maps also include the outcrop area of the aquifer, and the aquifer boundary if its location is within the area shown.
Potentiometric Surface and WaterLevel Difference Maps
Maps are presented for the Aquia, Magothy, upper Patapsco, lower Patapsco, and Patuxent aquifers for Southern Maryland and Maryland's Eastern Shore using water levels measured in September 2011. The location and quantity of major groundwater withdrawal sites in 2010 are included on the maps to help show the relation between pumping centers and aquifer drawdowns. Maps showing the decline in water levels from 1975, 1982, or 1990 to 2011 also are presented. The maps include the outcrop area of the aquifer, and the aquifer boundary if its location is within the area shown.
Aquia Aquifer
The potentiometric surface of the Aquia aquifer during September 2011 is shown in figure 3 . The map is based on water-level measurements in 83 wells. The highest measured water level was 50 ft above sea level in the outcrop area of the aquifer in the central part of Anne Arundel County. Water levels in the subcrop area of Kent County were as high as 25 ft above sea level. South of those areas, water levels were lower and mostly below sea level. The hydraulic gradient 
Magothy Aquifer
The potentiometric surface of the Magothy aquifer in the Magothy Formation in Southern Maryland and Maryland's Eastern Shore during September 2011 is shown in figure 5 . The map is based on water-level measurements in 66 wells. The highest measured water level was 88 ft above sea level in the outcrop area of the aquifer in the northern part of Anne Arundel County.
Water levels are lower towards the south. As a result of withdrawals predominantly from municipal supply wells, shallow, localized cones of depression formed around well fields in east-central Anne Arundel County. A relatively large cone of depression occurred in the Waldorf area, which resulted in measured groundwater levels as low as 79 ft below sea level in this area. Groundwater withdrawals from the Chalk Point power plant resulted in a water level of 54 ft below sea level in an observation well at this site.
The water-level differences in the Magothy aquifer in Southern Maryland and Maryland's Eastern Shore between September 1975 and September 2011 are shown in figure 6. The map, based on water-level differences obtained from 48 wells, shows that during the 36-year period, the potentiometric surface changed little near the outcrop area, which is in the northernmost part of the study area, but declined as much as 85 ft at Waldorf. Waldorf is located near the southern extent and downdip boundary of the aquifer. Water withdrawal from the Magothy aquifer in the study area increased from about 7 Mgal/d in 1975 (Wheeler and Wilde, 1989) 
Upper Patapsco Aquifer
The potentiometric surface of the upper Patapsco aquifer in Southern Maryland and Maryland's Eastern Shore during September 2011 is shown in figure 7. The map is based on water-level measurements in 61 wells. The highest measured water level was 120 ft above sea level near the outcrop area of the aquifer in northern Anne Arundel County. Water levels are lower to the south toward well fields in the Annapolis-Arnold area. The lowest water level in that area was 35 ft below sea level. Two relatively large cones of depression were located in the Waldorf-LaPlata area in southern Charles County and the Lexington Park-Leonardtown area in southern St. Mary's County. The lowest measured groundwater levels were 110 ft below sea level south of Waldorf, and 78 ft below sea level near Leonardtown. Smaller cones of depression formed around the Chalk Point power plant and Easton, where the water level was as low as 63 ft below sea level at the Chalk Point power plant and 56 ft below sea level at Easton.
The water-level differences in the upper Patapsco aquifer in Southern Maryland and Maryland's Eastern Shore between September 1990 and September 2011 are shown in figure 8. The map, based on water-level differences obtained from 37 wells, shows that during the 21-year period, the potentiometric surface changed little at the edge of the outcrop area in northern Anne Arundel County. Water-level declines of 29 ft at Broad Creek, 13 ft near Arnold, 35 ft at Waldorf, 39 ft at the Chalk Point power plant, and 47 ft at Lexington Park were observed during this period.
Lower Patapsco Aquifer
The potentiometric surface of the lower Patapsco aquifer in Southern Maryland and Maryland's Eastern Shore during September 2011 is shown in figure 9. The map is based on water-level measurements in 70 wells. The highest measured water level was 106 ft above sea level near the outcrop area of the aquifer in northern Prince George's County. Water levels were lower towards well fields at Severndale, Broad Creek, Arnold and Crofton Meadows. The measured groundwater levels were 107 ft below sea level at Severndale, 32 ft below sea level at Broad Creek, 64 ft below sea level at Arnold, and 39 ft below sea level at Crofton Meadows. There was also a relatively large cone of depression in Charles County that includes Waldorf, La Plata, Indian Head, and the Morgantown power plant. The groundwater levels measured were as low as 198 ft below sea level at Waldorf, 148 ft below sea level at La Plata, 113 ft below sea level at Indian Head, and 101 ft below sea level at the Morgantown power plant.
The water-level differences in the lower Patapsco aquifer in Southern Maryland and Maryland's Eastern Shore between September 1990 and September 2011 are shown in figure 10. The map, based on water-level differences obtained from 45 wells, shows that the change of the potentiometric surface during the 21-year period ranged from increases of 27 ft at Indian Head and 9 ft near the outcrop area in Glen Burnie, to declines of 63 ft at Arnold, 64 ft at Severndale, 27 ft at Crofton Meadows, 56 ft at Waldorf, 71 ft near La Plata, 40 ft at the Morgantown power plant, 36 ft at the Chalk Point power plant, and 34 ft at Swan Point. There were no groundwater withdrawals from the lower Patapsco aquifer at the Chalk Point power plant, therefore the decline in water level may be due to upward leakage to the upper Patapsco aquifer. 
Patuxent Aquifer
The potentiometric surface of the Patuxent aquifer in Southern Maryland and Maryland's Eastern Shore during September 2011 is shown in figure 11 . The map is based on water-level measurements in 45 wells. The highest measured water level was 168 ft above sea level in the outcrop area of the aquifer in northern Prince George's County. Water levels were lower south and east towards well fields at Glen Burnie, Bryans Road, the Morgantown power plant, and the Chalk Point power plant. The measured groundwater levels were 76 ft below sea level at Glen Burnie, 71 ft below sea level near Bryans Road, 28 ft below sea level at the Morgantown power plant, and 135 ft below sea level at the Chalk Point power plant. The relatively low water level at the Chalk Point power plant was the result of the use of the Patuxent aquifer beginning in 2009. The monitoring well is located immediately adjacent to one of four production wells in this aquifer, and as a result, the water level is affected by pumping of these production wells. The Patuxent aquifer withdrawal rates in the study area have decreased overall from more than 21 Mgal/d in 1990 to 13 Mgal/d in 2010. This is partly due to reduced water use from the Patuxent aquifer at Fort Meade in northern Anne Arundel County following the Persian Gulf War, which ended in 1991, and decreased withdrawals from well fields at Crofton Meadows in Anne Arundel County and the City of Bowie in Prince George's County after 1992 (Soeder and others, 2007) . 
Summary and Conclusions
Groundwater has been and is expected to continue to be a major source of freshwater supply for Southern Maryland and Maryland's Eastern Shore. The principal aquifers in the study area from which groundwater is withdrawn are the Aquia, Magothy, upper Patapsco, lower Patapsco, and Patuxent aquifers. Groundwater withdrawals from those aquifers have increased substantially over the last several decades as a direct result of population increases and increased use of water for irrigation. A groundwater-level monitoring network is maintained by the U.S. Geological Survey (USGS) and the Maryland Geological Survey (MGS) to observe changes in groundwater levels over time. In each aquifer, the water levels tend to be lower in wells farther away from the outcrop area where the aquifers receive recharge. Water levels in the Aquia aquifer ranged from 50 feet ( 
